Knowledge of the structural evolution of thin films, starting by the initial stages of growth is important to control the quality and properties of the film. We present a study on the initial stages of growth and the temperature influence on the structural evolution of substrates; instead r-BN nucleates and grows directly with a mixed layer-by-layer and island growth mode. These differences may be caused by differences in substrate surface 2 temperature due to different thermal conductivities of the substrate materials. These results add to the understanding of the growth process of sp 2 -BN employing CVD.
Knowledge of the structural evolution of thin films, starting by the initial stages of growth is important to control the quality and properties of the film. We present a study on the initial stages of growth and the temperature influence on the structural evolution of substrates; instead r-BN nucleates and grows directly with a mixed layer-by-layer and island growth mode. These differences may be caused by differences in substrate surface temperature due to different thermal conductivities of the substrate materials. These results add to the understanding of the growth process of sp 2 -BN employing CVD.
I. INTRODUCTION
Growth of thin film materials with well-defined mechanical, optical, and electrical properties is vital for many application areas in today's society. However, the aforementioned properties are highly dependent on for instance: the composition, the microstructure including the surface structure, the level of stress and grain size. 
II. EXPERIMENTAL
To investigate the initial stages of growth for sp 2 The substrates were cleaned following the RCA procedure that includes removal of organic contaminants by water solution of ammonia and hydrogen peroxide followed by removal of inorganic contaminants by water solution of hydrochloric acid and hydrogen peroxide 28 . Prior to the thin film deposition both type of substrates were in situ pretreated, where an AlN buffer layer was formed on -Al 2 O 3 by nitridation at the applied growth temperature using ammonia at a total concentration 10 % in hydrogen during 10 minutes 24 or by the introduction of silane into the reactor at the temperature of 950 °C in order to improve the 6H-SiC substrate surface morphology 29 .
The characterisation of the h-BN and r-BN structures is complicated as they show the same in-plane lattice constants (2.504 Å) and the same spacing between the basal planes (ca. 3.333 Å). When the film is grown epitaxially along the c-axis, h-BN and r-BN are difficult to distinguish by X-ray diffraction (XRD) in the Bragg-Brentano geometry (-2 scan) or by transmission electron microscopy (TEM). However, it is possible to distinguish between them by observing the stacking sequence of the basal planes in atomic resolution TEM or by performing XRD measurements of diffraction peaks characteristic of the h-BN and r-BN phases. As a consequence, there are reports showing the formation of h-BN and r-BN when different growth conditions are employed 23, 30 . In addition, to these two crystalline forms of sp 2 -BN, two less ordered forms exist:
turbostratic (t-) and amorphous (a-) BN. The lack of the order between basal planes is characteristic for t-BN, which means that the basal planes are randomly rotated with respect to each other and do not have strictly defined spacing between them. This results in a slightly larger spacing between the basal planes compared to r-and h-BN, and where t-BN exhibits low intensity broad peaks in X-ray diffraction that is shifted to lower 2angles. In our previous work, we showed that the theoretically possible stackings of sp 2 -BN layers predicted by N. Ooi et al 31 are similar in X-ray diffraction to h-BN and
should not be confused with r-BN 26 .
XRD was used to determinate the structural properties of the deposited films.
XRD measurements were performed by employing PANalytical EMPYREAN MRD XRay diffractometer equipped with a Cu-anode X-Ray tube and 5-axis (x-y-z-χ-φ) sample stage. For the determination of the crystalline structure of the thin films, Glancing
Incidence XRD (GI-XRD) and investigation of asymmetric planes were conducted. GI-XRD allows for extracting information from the in-plane ordering of the film since the Xray scattering vector is close to the sample surface plane (angles slightly higher than the critical angle for the material). Such geometry increases the sampling volume of the material. For these measurements capillary optics on the incident beam side and parallel plate collimator on the detector side were used. The Cu K  line was removed by a Ni filter.
The stacking sequence and microstructure was assessed by electron microscopy from a JEOL 3010 instrument operated at an acceleration voltage of 300 kV and with 1.7Å point resolution. The sample was prepared in the way that it was cut along the [11 ̅ 00] direction perpendicular to the (0001) plane of the h-BN as discussed in our previous work 26 . Such preparation allows the stacking sequence of the basal planes to be determined and the atomic resolution in TEM makes it possible to distinguish between r-BN and h-BN. Further, the TEM sample was prepared to a typical dimension of 1.8 x 0.5
x 0.5 mm 3 and were mounted and glued on a Ti grid 32 followed by mechanical thinning, polishing, and dimpling to a thickness of ~ 20 μm in the middle. Thinning to electron transparency was achieved by ion beam milling with 10 keV Ar + ions at an incidence angle of 4° with respect to the surface. To minimize surface amorphization in the final period of the milling process, the ion energy was decreased gradually to 250 eV.
To study the formation of B-N bonds at the initial stages of growth we applied Xray photoelectron spectroscopy (XPS) in a MICROLAB 310-F equipped with twin anode X-ray tube and using only the Al K  line at generator settings of 15 kV and 20 mA and 5
x 2 mm 2 area of the sample being analysed. A spherical sector analyser and 5 channels detector were used to determine the energy of the photoelectrons emitted from the sample. The energy scale was calibrated from electrons emitted from the Fermi level that should have 0 eV binding energy in XPS.
Scanning electron microscopy (SEM) with a Leo 1550 instrument equipped with a field-emission gun was used to study the surface morphology of the deposited films.
For the determination of 2D versus 3D growth, we used the observation by Sutter et al. 
III. RESULTS AND DISCUSSION

A. Nucleation and structure evolution
The early stages of sp 2 -BN thin film growth were investigated on AlN/-Al 2 O 3 .
As can be seen from Figure . This growth rate is more than 10 times lower compared to the growth rate determined for the thick (200 nm) films being 4 nm/min 26, 27 . A slow initial nucleation step that is followed by an increasing growth rate is often encountered in growth of thin film materials by CVD, e.g. diamond 38, 39 and SiC 40 . In our previous work, a transition Thus, it is possible to deposit phase pure epitaxial h-BN layer up to the thickness of about ~ 4 nm in a controlled way. The epitaxial growth determined by XRD suggests that the amorphous region at the interface visible in Figure 5 is an effect of the sample preparation.
B. Temperature effect on crystal evolution
To investigate the influence of temperature, we successfully grew h-BN on - BN polytypes has a substrate promoted behavior, as discussed in our previous work 26 . °C. Triangular -shaped islands that are characteristic for r-BN are observed at both conditions while at the temperature of 1700 °C size and density of such triangles are lower than at growth temperature of 1600 °C. In the right image, due to low contrast of the triangles on the background white arrows are pointing on some of them.
IV. SUMMARY AND CONCLUSIONS
h
